
cal
the
ble

A ma~or purpose OT me I e(Xl[ll-

Information Center is to provide
broadest dissemination possi-
of information contained in

DOE’s Research and Development
Reports to business, industry, the
academic community, and federal,
state and local governments.

Although a small portion of this
report is not reproducible, it is
being made available to expedite
the availability of information on the
research discussed herein.



#

LA4JR -8+1538 NOTICE

PORTIONS OF THIS REPORT ARE ILLEGIBLE. It
—..-. . . . ------ . . . ___

hasbeenreproducedfrom thebestavailabla
copytopermitthebroadestpossibleavail-
ability.

Los Alamos Nal,onnl Lcbormo~ IS OUWmM bV me UntvarMy or CaU&rm Iw the Unmd Slatas lhPWlmWIl of Encrw unaat corwrccc W.7405-ENG-30. —. —

c
(‘: (,, !,)?

.;” ,’/, :J( % / .- ,
-,

TITLE: SELECTION OF REGENERATOR GEOMETRY FOR MAGNETIC REFRIGERATOR

APPLICATIONS

AUTHOR(S): John A. Barclay and Sunil Sarangi

l,~.-!l,~--i’~-~~,j,j’

,, !,,,.
.1, ,, ,”, [11:?(,:;”/

SUBMITTED TO: 5th ASME/AIChE/IIR Intersociety Cryogenic Symposium,
New Orleans, LA, Dec. 9-13, 1984

I)IS(’I,AIMKI?

‘Thi~ rqmri WIIS prqmrcd II+ 1111IICLUIIIII or’ wwrk spmorctl hy on Icgcncy of !hc ( Jnited SIaICI
(iovcrnmcnl, Ncilhcr Ihc [ Irilccl SIUICS ( hwcrnwwnl nor urly upuy Ihrxd, nur uny of Ihelr

rmployccw mnkcs uny Wurritl)iy, c~prr!w tlr tmplbli m nwcmc., IIny ICIKII Ilnhillly w respmni.

hility for !hc N. .w,:y, cwplclcnw, m uscfulncw d Imy i.lbrmw(itm, uppwr{ux, prdwut, or

proww disclowl, or rcprcscnls Ihill ils usc would nul hcfrhqrc privnkly owned rlMhtl, Mm

cm herein I(I imy ~pccifi!’ cmmcrdd produci, protcm or scrvicc hy trdc mum, Irdcmdc,

micnufudurcr, m whcrwisc Arm rcul nut~,wrtily vunsiliuk m imply i[s cndmscmrnl, rcco:w.
Illcndniitm, or Iilvoring by IhC I hihd SIIIICS ( hwcrmncrcl or uuy u~cncy Ihcrcd. “Ihc WICW

and opinions of mllmr:~ caprcsd hcrciw do II II nc~cwrrily sluh! or rcflct’{ thmxc of Ihc

I Jniicd SIUICS ( :ovcrnmcnt (w [my qwrry lhcrcd.

-1

kalmosLos Alamos National Laboratory
Los Alamos,New Mexico 87545.,, -.*-. . -,.

About This Report
This official electronic version was created by scanning the best available paper or microfiche copy of the original report at a 300 dpi resolution.  Original color illustrations appear as black and white images.

For additional information or comments, contact: 

Library Without Walls Project 
Los Alamos National Laboratory Research Library
Los Alamos, NM 87544 
Phone: (505)667-4448 
E-mail: lwwp@lanl.gov



SELECTION OF REGENERATOR GEOMETRY FOR MAGNE71C

REFRIGERATOR APPLICATIONS

by

John A. Barclay and Sunil Sarangi

Group P-10, MS K764

Los Alamos National Laboratory, Los Alamos, NM 87545



SELECTION OF REGENERATOR GEOMETRY FOR MAGNETIC

REFRIGERATOR APPLICATIONS*

by

John A. Barclay and Sunil Sarangi

Group P-10, MS K764

Los Alamos National Laboratory, Los Alamos, NM 87545

ABSTRACT

Magnetic refrigerators that sp~n large temperature ranges operate with re-

generative cycles, shch as the Brayton cycle and the Ericsson cycle. One de-

sign under investigation in our laboratory includes a pair of porous beds of

magnetic material, coupled by appropriate heat transfer fluids and cycled

through a magnetic field to produce refrigeration. The~e porous beds function

both as the workit)g material and the regenerator, and such an arrangement has

been called an Active Magnetic Regenerator. It forms the heart of the refrig-

erator, findthe efficiency of the refrigerator Is critically dependent on that

of the regenerator.

In our effort to develop magnetic regenerators of high efficiency we have

looked at the following geometries: (a) tube channels In solid block,

(b) stack of perforated plates normal to the fluid flow direction, (c) stack

of solld plates parallel to fluld flow direction, and packed bed of spherical

particles, (d) loose packed, and (e) slntered.

—..—- .— ..— - .-—..— .—.—

*Work performed under the auspices of ttlelhpartment of Energy.



We report here computations of the overall efficiency of the regenerator,

considering heat transfer, longitudinal conduction, and fluid prsssure drop,

for all the above arrangements as a function of geometrical variables, such as

overall length and partilcle diameter or plate thickness. The results yield

the optimum geometry for a given combination of other controlling parameters,

such as frequency, porosity, and fluid properties. The different geometries

are compared under the constraint that the mass of magnetic material is the

same for all. This condition is peculiar to the magnetic refrigeration pro-

cess because the net refrigeration and driving forces are proportional to the

mass of magnetic material.

INTRODUCTION

Magnetic refrigeration has been the key tool in achieving temperatures be-

low 1 kelvin. During the past fcw years magnetic systems have been proposed

for several applications ranging between production of superfluid

comfort air conditioning [1-5], and are under active development “

laboratories around the world. [6,7] The refrigerator is based on

known magnetocaloric effect [81 i.e., cooling of a magnetic mater”

helium and

n several

the well

al by adia-

batic demagnetization. It uses paramagnetic substances for applications below

20 K and ferromagnetic matel!als near their respective Curie temperatures at

higher temperatures. The thermodynamic process Is based on a common cyc,e:

Carnot, Stirling, Ericsson, or Brayton. The material is magnetized in thermal

communication with the high temperature sink and demagnetized in contact with

the low temperature source. The two steps may be llnked by two adiabatic pro-

ceszes, giving a Carnot cycle, the temperature range being limited to the adia-

batic temperature change. The range can be extended to mar)y times this value

by sulcablc regenerators or heat exch~ngers,

-2-



One design under investigation in our laboratory for application to lique-

faction nt hydrogen (77-20 K) uses a porous bed of ferromagnetic materials

which functions both as the worl:ing material and as the regenerator coupled to

the source and the sink by circulating helium gas. Such an arrangement has

been called an active magnetic regenerator (AMR) [9,10].

ACTIVE MAGNETIC REGENERATOR

Consider a porous b~d regenerator composed of a series of different ferro-

magnetic materials with Curie temperatures To gradually decreasing from the

sink temperature Th LO the load temperature Tc. The initial temperature pro-

file is shown in frame I of Fig. 1. Upon application of a magnetic field the

temperature along the bed increases by an amount AT which is a function of

the local absolute temperature T.

In real materials the absolute temperature T, the adiabatic temperature

change AT(l), the isothermal entropy changers and specific heat C(T) are

related in a rather complex manner. For lowest thermodynamic irreversibility

we have assumed that AS is constant over the entire temperature range and

that the adiabatic temperature change AT is proportional to the absolute

temperature T. Then,

(1)

the subscripts h and c referring to the hot and cold ends, respectively. These

~ssumptions simplify considel*ably tho computations affecting Rll the geometries

to the same extent..

The matrix temperature protllc on magnetization Is shown in fran)c 11 of

Ftg. 1. i41t,tIth(~mnterial still irl~ldethe magnetic field, pressurized helium
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or hydrogen gas at temperature Tc is pushed through the bed from the cold

end, cooling the entire bed near to its original state (fr?me III). The gas,

on the other hand, leaves’at a temperature Th +ATh at the beqinning of this

step reducing to Th at the end, the average exit temperature being Th ‘Oh ATh;

Oqh<l. The field is now removed isentropically. The bed cools by AT(T),

identical to the amount of heating during magnetization process. The resulting

temperature profile is shown in frame IV. The cold end is now at a temperature

T- ATC which is below the load temperature. The gas flow is now reversed and
c

gas at sink temperature is blown over the bed from the warm end. Tilebed warms

up to its original state (frames V and I). The fluid exit temperature remains

between Tc -ATC and Tc, with an average Tc -@cATc; O< $Cf 1.

$,1 and$c can be determined only by a detailed simulation of the refrigeratiol~

cycle [9]. In this paper both$h and$c are assumed to be 0.75. The cold gas

carries with it the net refrigeration power with an average rate of m c $ dTc,fpc

where rnfis the mass flow rate of the gas and c its specific heat. Two identi-
P

cal

mal

AMR units operate in opPosite phase to provide continuous refrigeration.

The heat transfer mechanism in the AhlRis same as that in an ordinary ther’-

regenerator exceFt for’the step changes in temperature created by the ap-

plication and removal of the magnetic field. The COP of the refrigerator is

strongly dependent. on the effectiveness of the regenerator. Hence an AMR must

have a high effective Ntu for successful operation of the magnetic refriger-

ator.

THE OPTIMIZATION PROBLEM

It is nec~ssary to ~chieve

of magnetic material. This is

the maximum possible Ntu with the qiven amount

done by sel~cting the optimum geometry and th[!

opt.lmumd mcnsdons. The technques of s(lrface selection and optimization of
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geometric parameters in compact heat exchangers have been discussed by several

authors. [11-13] Shah [11] has summarized over 30 differe~t methods of com-

paring compact heat exchanger surfaces. These methods are limited to only one

side of a compact heat exchanger. This objection is not relevant in the case

of a magnetic regenerator where there is only one surface and the two streams

are identical. on the other hand, these methods consider only the losses as-

sociated with finite heat transfer coefficient and viscous pressure drop and

do not take into account such effects as longitudinal conduction in the bed

and gas dispersion. The two latter sources

regenerators.

The optimization of physical dimensions

can be significant in high Ntu

has been discussed by Shah et al.

[12]. They have described several search techniques which have been success-

fully applied to heat exchanger optimization. In our case the parameter space

is limited and it was felt that sophisticated search techniques may he avoided

in favor of a simple program covering the entire parameter space

An alternative method of surface selection and optimization ii provided by

the second law analysis.[13] The aim in this technique is to minimize the (?n-

tropy generation rate in a thermal syst~m.

The total entropy generation rate S may be considered to be the sum of 3

terms.
. . . .
s=s1+s2+~ 3

where

qrs,‘ -—- ()11----- —
I

~’tu+ ‘ ‘t, ‘h

Is the entropy generation rate due to finite heat transfer coefficient, ~r

(2)

(3)

being the heat transfer rate In the regenerator;
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(4)
. ~fAP

‘2 = T-
V

is the entropy generation rate due to viscous dissipation of energy, if

being the average volume flow rate andAP the pressure drop across the bed;

A Ac (Th-Tc)
2

.
and s3=~ 3 (5)

‘h‘C

is the entropy generation rate due axial conduction and gas dispersion along

the bed,~ being the effective thermal conductivity, L the length, and Ac

the cross sectional area. In the search for the optimum

objective function to be minimized under the constraints

manufacturing difficulties, and the size and cost of the

geometry S is the

imposed by

magnet system.

The entropy generation rate ~ is equivalent to loss of available energy at

the rate [13] Th~. The pow~r required for a refrigeration load qc at

temperature Tc is then,

(6)

The inet’ficiencies due to all other sources such as pumps, drive system, hot

and cold end heat exchangers, and heat transfer from the amhi~nt which are not

directly dependent on regenerator geometry have been neglected. A figure of

merit (FOM) for the refrigerator can now be defined as:

. ()‘h-,~OM . Ideal (Carnot)~ow~r )’e~red
qc ~

—— . . -— --— = .—— —.—.— .-—-.._-
Actual power WqUiWi .

()

‘h - I + Th~
% T;

(7)
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The minimum entropy generation rate corresponds to the highest figure of

merit. In this paper we have used the FOM as defined above as the objective

function for optimization of regenerator geometry.

THE PARAMETER SPACE

We have considered the following geometries for the regenerator (Fig. 2).

(a) tube channels in solid block,

(b) a stack of perforated plates separated by small spacers normal

to the fluid flow direction,

(c) stack of solid plates parallel to fluid flow direction,

(d! packed bed of spherical particles: loose packed, and

(e) packed bed of spherical particles: sintered.

The geometries (a), (c), (d), and (e) are characterized by 3 parameters:

(i) overall length L

(ii) overall porositya

(iii) characteristic dimension (hole diameter d, particle diameter

d
P’

or plate thickness t)

The perforated plate geometry, however, needs more dimensions:

(i) overall length L,

(ii) overall poro5itya ,

(iii) plate thfckne~s t,

(iv) hole diameter d,

(v) plate spacing s.

In each case the volume of magnetic material is constant. Tnble 1 summarizes

the effects of variation of these parameters on the three sources of entropy

generation, the other dimensions being assumed constant.
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T (e 1
—

Geometry Change of entropy Heat Transfer Pressure Drop
due to+

Axial Conduction

with increase in+ ;l $ i3

(a-e) overall length L

(a-e) overall porositya

a,b hole dia!neter d

b plate thickness t

b relative plate
spacing s/t

c plate thickness t

d,e particle diam dp

decreases
slowly

decreases

increases

increases
slowly

increases

increases

increases

increases decreases

decreases nearly unchanged

decreases nearly unchanged

decreases nearly unchanged
slowly

increases decreases

decreases nearly unchanged

decreases increases

For all the parameters except the overall porositya, the three sources of

irreversibility compete among each other suggesting an optimum for the dimen-

sion. On the other hand, the overall entropy generation rate decreases mono-

tonically with increase in overall porosity. Increased p~rosity at constant

material volume results in increased total volume, requiring a correspondingly

larger magnet which offsets the gain in regenerator efficiency. In this

the different geometries have been compared

at 40%, which is the porosity of a randomly

In addition to the above, the following

keeping the overall porosity

packed bed of spherical part

dimensional cunstrafnts are

paper

fixed

cles.

m-

reposedby manufacturing limitation and to avoid unwieldy geometries. d, t, s,

d
P’

a and L refer to hole diameter, plate thickness, plate spacing, particle

diameter, and overall width length of the bed, respectively.
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(a) tube channels in solid block: O.OIOnwn< d< 1 mm,

(b) stack of perforated plates normal to fluid flow direction:

O.OIOmm< d< l.Cmm

O.olgllnll< t< I.omm

o.z< S/t< ().fj

(c) stack of solid plates par~llel to fluid flow direction:

o.olomm~ t< l.omm

(d) and (e) packed bed of spherical particles:

O.OIOmm<dp<lnm

The aspect ratiolil = L/a is limited between 0.3 and 30 for all geometries.

CALCULATION OF ENTROPY GENERATION RATES

The inputs to the problem are the temperatures: Th, Tc: the refrigeration

load: qc; magnetocaloric properties of the matrix material: ATC and AS, den-

sity Pm, specific heat cm, and thermal conductivity ICm; physical and trans-

port properties of the fluid: P f) cp,P3Kf at the average temperature

(Th + Tc)/2. The operating frequency v is a parameter which is varied between

0.1 Hz and 10 Hz, At lower frequencies the volume of the regenerator and

hence that of the magnet system is high, antiat higher frequencies eddy

current and hysteresis losses generate heat in the regenerator. The following

relations are used to determine the entropy generation rates from the input

parameters given above.

The required fluid flow rate to convey refrigeration load qc at an aver-

age temperature change of @c ATr is

.
qc

‘f ‘-–—
-——

CP$CATC
(8)
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and the corresponding volume flow rate

The fluid undergoes a

Then the rate of heat

.

‘f =mf/Pf (9)

total temperature crlangeof Th-Tc in the regenerator.

transfer in the regenerator

qc(Th-Tc)ir =I’+Cp (Th-Tc) ‘ ~ \T

cc

(10)

The volume of magnetic material, the total volume including the voids and the

cross sectionp.1 area are related to qr as:

(l-a) vT=(l-a)LA =
tir

Vm =
c (11)

v AS (Th+Tc)/2

where v is the operating frequency and AS the isothermal entropy change of

the r,aterial per unit volume.

The hydraulic diameter and Reynolds number for a given geometry are given

as

4VT ni dh
dh=~- and NR=CC , (12)

c

A being the total heat transfer area. In appendix A the relevant correlations

halve been listed which determine Nussult number (NNU = hdhl~f) and friction

factor f from Reynolds number NR and Prandtl number Npr. The pressure dropAP

and the number of heat transfer units Ntu can now be determined by the relations

Ap= 4fLrn2
~ and N.,m~ ~~ (13)

Lu
rnc

P

These values are subst’

the objective function

tuted in Eqs. (2), (3), (4), (S!, and (7), to determine

FOM for a given set of geometric parameters: aspect

-1o-
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ratio B and the characteristic dimensions such as hole diameter d, plate

thickness t, relative plate spacing s/t, or particle diameter d The set
P“

of geometric parameters are now varied over the parameter space. The

configuration where the entropy generation

geometry for given frequency and porosity.

rate is minimum gives the optimum

RESULTS AND DISCUSSION

Figures of merit computed over the parameter space described earlier have

been plot,tec!as contour diagrams against aspect ratioB and a characteristic

dimension d, t, or d
P“

Some of these contour plots have been given in Figs.

(3-7). he have found that such contour plots on log-log scales generated by

standard algorithm is a very convenient and powerful technique tc represent

heat exchanger calculations ~nd to arrive at optimum geometries. Optimum

values of aspect ratio and characteristic dimensions along with the

corresponding FOMS have been presented in Table 2 for selected frequencies.

In the case of perforated plate geometry, results have been presented for

plate thickness t ❑ 0.50 mm and relative plate spacing s/t = 0.2 and 0.4.

Calculations with t = 0.25 remand t ❑ 1.0 mm show negligible effect of plate

thickness if other parameters are kept constant. Relative spacing s/t = 0.6

yields very low FOM. Because the total void fraction is constant at 0.4, at

high values of s/t, tk,evoid space associated with the hol~s is reduced

significantly. This reduces the heat transfer arua and consequently the FOM.

The optimum FOM is highest for the perforated plate geometry, but is

ncerly as high for tube channels and solid plaf,es g~ometries. The optimum

aspect ratios and hole diameters are, however, quit~ different. Packed bcd~

~re characterized by llttle lower t’OM;but they are favored by lower cost and

simplicity of construction.



It tray be observed that lower frequency yields higher efficiency. This is

because the amount of magnetic material increases at lower frequency,

providing higher heat transfer area and flow cross section. The optimum

dim~nsions, however, ~re strongly dependent on the frequency, which should be

taken into account in design.

Table 2

CONFIGURATIONS FOR MAXIMUM FIGURE OF MERIT AT SELECTED VALIJES(3F
FREOUENCY AND OTHER PARAMETERS

(a) Tube channels in solid block

Frequency Aspect Ratio Hole Diameter FOM
Hz d d (mm)

0.1 18.93 0.251 0.948
1.0 5.99 0.126 0.895
10.0 1.89 0.063 0.797

(b) Stack of perforated plates (t=O.50 tmn)normal to the direction oi fluid flow

relativ~ plate spacing relative platd spacing
Slt = 0.2 s/t = 0.4

F-rCqUcnCy b d (mm) FOH a [d (Mm) FOM

U.o 4.75 0.158 0.969 3.00 J.126 0.963
1.0 1.50 0.073 0.936 0.95 i).oE3 0.s23

10.0 0.48 0.032 0.873 0.30 0.025 0.852

(c) ~tack of solid plates parallel to the fluld flow dircctlon

Frequency Aspect ratio Plate thickness FOM
Hz L

o“ 1:.:;
l:i
10.0 2:;0

(d) Packed bed of spherical particles

LOOS~ packed
Fr”equcncy u dp (mm) F(J.1

1{2

0,1 9.45 (.).631 u.9f19
1.0 jo~o 0.316 0.023
1O,(I il.95 0.126 (\.6dJ

-12-

1 (m)

0.251 0.952
u.12b 0.902
0.063 n.tlC19

Sintr!red
1) flp

11.!/4 0,794
3.70 (],~gfl
1.19 (Jml~~

F(IM

0.9Wl
(.).320
(),679
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APPENDIX A

CORRELATIONS lJ!jEDIN predicting I{USSELT NUMBERS AND FRICTION FACTORS

FOR VARiOUS GEOMETRIES

(a) Solid block with longitudinal holes.[14]

Lominar flow (NRC 2200):

1’= 16/NR (Al

‘Nu,H
= 4.364 (A2

Turbulent F1OW (NR> 4400)

(A3)

(A4)

In the transition flow regime (2200< NR< 4000) the flow ~s unstable and

the friction factor and Nusselt number are generally uncertain. In actual de-

sign this regime is Ilormally avoided, For the sake of comparison between rlif-

ferent gcom’~trles and to avoid numerical errors WP adopt the following l,lter-

polation Letween the laminar and turbulent flow expressions,

f z [16/NR(4000 - NR) + ~,~~1 N-0025 (M
R R

- 2200)]/1800 (A5)

and N~~ti“ u 14.364 (4000 - NR) + 0.022 N~”8 PrO’6 (NR - 2200) ]/1800
#

“/’heeffective tixialconductivity

A ❑ (l-(l)~n) (A7)

wllercKlllisthe thermal cof~ductivity of the solid anda the purosit,y,

(b) Perforated plates normal to fluid flow direction:- -.—...—.,— —-—.—. ..—-—......-..—..-..-...- -----— .-.._-.

Following I@f, [15] we have consiriermi heat tr~nsfor only in the

cylindric~l walls of thv perforation, Ignoring tho front and back faces

of the plates, The actual performance is expected to be somuwhat b~tter

due the contribution of these surfaces. Oecause the length of those

-15-



cylindrical passages (= thickness of the plates) is comparable to the

diameter, entrance region correlations are to be used.

Laminar regime (NR < 2200)

f=~ for NR$c 10 (A8)

()
.661

and f = 3.492 $ ‘R‘*339 for NR$> 10

‘Nu ,H ~< 6,667
= 4“364 ‘or ‘R ‘Pr t

and ‘Nu,H “ 2*347(NR ‘PA) “3265 ‘or ‘RNpfi’ 6-66’

(A9)

(A1O)

(All)

The above correlations have been obtained by fitting suitable expressions to

experimental data given in Ref. [16].

The turbulent regime (NR> 4000) correlations given in Eqs. (A3) and (A4)

ore used. Correlations in the transition regime may be derived ‘Jy interpola-

tion between Eqs. (A9) and (A3) and between (All) and (A4) in a mann~r similar

to th~t used itlthe derivation of Eqs. (A5) and (A6).

Let us further assume that the spacers are mad~ of the same m~terial as

the plates ~nd occupy 1% of the cross sectional area. Then the system Illaybe

du~~:ribed ,1~a bed of cross sectional area (Ac . nll d2/4) and length Nxt in

series with onc of cross sectional area 0.01 AI.and length (N-1)s, N being l:lle
b

number of plates, The cffcctivc thermal conductivity of this sytcuv 1s, then,

/(
N tA(,

A Vml , +(N-l)s..—,....—.-—-,
?

-.-,.......
Ac - n 11 d ‘/4 0.01

)

(A12)
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(c) ~tack of solid plates parallel to fluid flow direction. [14]

Laminar flow (NR < 2200)

f = 24/Re

‘Nu,H
= 8.235

Turbulent flow

f = 0.071

‘Nu,H = 0.021

(NR > 4000)

-0.25
‘R
~0.8 N0.6
R Pr

Equation (A16) has been obtained by fitting an equation of the form:

A N0.8 NO 6
R

pi to experimental data given in Ref. [14].

(A13)

(A14)

(A15)

(A16)

‘Nu,H =

In the transition flow regime f and NNU ~ are determined in a manner
s

similar to that used for Eqs. (A5) and (A6). The effective axial conductivity

is given by the relation,

A = (l+KII, (A17)

(d) Packed bed of spheres: loose packed, and.-—— -—. —.

(e) Packed bed of~heres. sintered.—— —..— —.—— _—

The pressure drop in packed bed of spher!cal particles can be represented

by the well known Ergun eqllation as modified by Macclonald et al. [177 and the

heat tr~rlsfcrcorrelation is given by Coppuge and London [18] in terms of

Reynolds number.

md AP v AC2 3

with NR’ ~ ,~-~~ and f’ H .. # “-;’ “
“P!

c L\l-i~)

(Ala)
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‘Nu,H
=0.21 NR0”6g , (A19)

NRbeing defined in Eq. (11). The problem of axial conduction In packed beds

has been discussed In Ref. [191.

(A20)

‘Ai’cA2’ and EAJ are fractions of cross sec ional area devoted to fluid-fluid,

fluid-solid, and solid-solid conduction path . For a randomly packed bed (a ❑

0.40) the following values have

.6924 and~ CA2 = 0.09245. The

Conduction, ~A~ is difficult to

been estimated [19]. cAl = 0’3076; ‘A2+EA3 ‘

fraction of cress section de~~ted to solid-solid

determine without some experiment. We have

ct10sencA3
= 0.001 for loose packed and c = .05 for slntered bed.

K m is the solfd conductivity and is a material property. Af, on the other

hand, signifies the effective axial conductivity in the fluld due to gas con-

duction and gas dispersion. Edwards and Richardson [20] have Investigated the

gas dispersion problem in packed beds. Their results m~y be expressed as:

‘f
=Kf for hl~l<2u/Npr

‘f cp-d~- fol. NR’ > ~U/Npr
and Af=

2ACU

-18-



NOMENCLATURE

a ❑ width of bed (square cross section)

A = a constant

A= heat transfer area (m*)

Ac = cross sectional area of bed (m*)

c
m = specific heat of matrix material

CP
= specific heat of fluid at constant pressure (J/kg K)

d = diameter of holes (m)

d = diameter
P

pdrticles (m)

dh = hydraulic diameter (m)

f = friction factor

f’ = friction factor in packed bed of spheres

h= heat transfer coefficient (W/m2 K)

L = length of bed (m)

in= fluid flow rate through the bed (kg/s)

n = number of holes

‘P
= number of particles in packed bed

N = number of plates

‘Nu ,H = Nusselt number at constant heat ransfer rate

* hdkf

‘Pr
= Prandtl number ❑ cpu~f

NR = Reynolds number based on real fluid velocity and hydraulic diameter

“R
= Reynolds number based on empty column velocity and particle diamete~

N
tu

‘ number of heat transfer units

P = pressure (N/m2)

{cQ refrigeration Iodd (W)

i! ~ M heat transfur rdtc In regenerator (W)

-19-



s = plate spacing (m)

i= total entropy generation rate (kI/K)
.

‘1 = entropy generation rate due to finite heat transfer coefficient (W/K)
.

‘2 = entropy generation rate due to viscous dissipation of ener~y (W/K)

‘3 = entropy generation rate due to axial heat

t = plate thickness (m)

T = temperature (K)

if = volume flow rate of fluid (m3/s)

vm = volume of magnetic material (m3)

‘T = total bed volume (rn3)

u= porosity

B = aspect ratio = L/a

As = isott;ermalentropy change (J/K m3)

AT = adiabatic temperature change (K)

CA1 =

CA2 ‘

CA3 =

lb ‘a

fraction of cross sectional area devoted

fraction of cross sections’

fraction of cross sections’

number betwnen O and 1 def

area devoted

area devoted

neciin text

conduction (W/K)

to fluid-flufd conduction

to fluid-solfd conduction

to solfd-solid conduction

K ~ thermal conductivity (W/mK)

A = effective thermal conductivity of bed (W/mK)

‘f
‘ effective thermul conductivity of tlufd (W/mK)

viscosity (kg/ins)

density (kg/InJ)

parameter used in deriving effective axial tionductivity

-20-



Subscripts

c = cold end

c = cross section

f = fluid

h = hot end

m = magnetic material

r = regrlurator

T= total

-21-



FIGURE CAPTIONS

Fig. 1. Temperature profiles during various steps in the operation of an AMR

}’efrigerator. The broken lines in frames II and IV indicate the

initial state.

Fig. 2. Regener~tor geO~eL~iess (A) solid block with longitudinal holes, (B)

stack of perforated plates normal to fluid flow direction, (C) stack

of solid plates parallel to fluid flow direction, and (D) packed bed

of spherical particles, loose or sintered. In our analysis sides a

and b are equal.

Figs, 3., 4., 5., 6., 7a., 7b., 7c. Contour diagrams showing figure of merit

against aspect ratio (x-axis) and characteristic dimension (y-axis)

for different geometries.
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MAGNETIC MATERIAL

DISTRIBUTION IN BED
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